A hallmark of natural, accidental, and experimental infection by foamy viruses is the establishment of life-long latency in the absence of detectable virus replication. Foamy viruses (FVs) are members of the Spumavirus family of the genus Retroviridae and are unique among the retroviruses in many ways (18) . FV replication is regulated transcriptionally through the use of two promoters, the long terminal repeat promoter found in all retroviruses, which directs transcription of the gag, pol, and env genes, and a second promoter unique to FVs, the internal promoter, which directs expression of the accessory genes tas and bet. Tas is a DNA binding protein that functions to transactivate both its own promoter and the FV long terminal repeat (7, 12, 19) . The two promoters are temporally regulated. The internal promoter has a higher affinity for Tas and is activated first; only after sufficient Tas is produced from the internal promoter can long terminal repeat-mediated transcription proceed (12, 20) . Although limited transcription is a prerequisite of FV latency, the factors that regulate this process are poorly understood.
Recently, the promyelocytic leukemia protein (PML) was shown to inhibit replication of the prototypic FV (27) . PML was first identified as a fusion with the retinoic acid receptor alpha gene in patients with acute promyelocytic leukemia (4, 11, 15) . Overexpression of PML suppresses cell growth, resulting in arrest or apoptosis, depending upon cell type (reviewed in reference 26). In contrast, ablation of the PML gene in transgenic mice resulted in an increase in cell growth and susceptibility to a variety of tumors (34) . PML has a punctate, speckled appearance and is an integral component of nuclear bodies (3, 5, 35) . The function of nuclear bodies is largely unknown, but in addition to PML, they also contain a number of transcription factors, tumor suppressors, and interferon (IFN)-regulated genes (reviewed in reference 22) .
The PML promoter contains an IFN-␣/␤-stimulated response element and an IFN-␥ activation site, resulting in transcriptional induction of PML following exposure to interferons (33) . interferons have potent antiviral activity on a wide variety of viruses. The link between PML expression and antiviral activity has been demonstrated for a number of RNA viruses, including influenza virus and vesicular stomatitis virus (2) . Interestingly, a wide variety of DNA viruses express proteins that are targeted to and/or disrupt nuclear bodies (reviewed in reference 8). In many cases, the genomes of DNA viruses are found in association with nuclear bodies, but the importance of this association and of the disruption of nuclear bodies by these viruses remains unclear.
Since PML is an IFN-regulated gene (2) and foamy viruses are sensitive to the inhibitory effects of interferon (9, 14, 27, 28, 30) , it is possible that the interplay between IFN and PML could be important in regulation of FV expression, although FV infection does not induce the production of interferon (10, (26) (27) (28) . Previous work has shown that through its ring finger domain, PML binds to the amino terminus of Tas, thus sequestering Tas from the FV internal promoter and inhibiting FV replication (27) . Using cells from PML knockout mice, Regad et al. demonstrated that the sensitivity of FV to interferon requires PML (27) . The inhibitory effect of PML overexpression on FV replication is evident in cell types that are fully permissive for FV replication (27) .
In this study, we investigated whether endogenous PML 
MATERIALS AND METHODS

Cells and viruses.
Virus titers were determined with the FAB indicator cell line (36) . 293T (ATCC 293tsA1609neo), HT1080 (ATCC CCL-121), and FAB cells were grown in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and antibiotics. Jurkat cells (ATCC TIB-152) were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum. Jurkat cells were infected by coculture as previously described (23) .
Plasmids. The molecular clone pHFV13 (21) was the source for all constructs used. For brevity, pHFV13 will be abbreviated to pFV and FV will be used to describe viruses derived from pFV. The vector pLTasSD was generated by cloning the region from nucleotide 9201 to nucleotide 10441, encompassing the tas open reading frame, into BclI-and HindIII-digested LXSN. The Bet splice donor at nucleotide 9700 was mutated (italic) with oligonucleotide-directed mutagenesis (Stratagene) with the oligonucleotides TasSDF (5Ј-CCACACCAG AGGAGATGTCAAAGTCACTCTGTAAAAG-3Ј) andTasSDR (5Ј-CTTTTA CAGAGTGACTTTGACATCTCCTCTGGTGTGG-3Ј).
The vector pLTasNgfp was constructed by ligating a PCR fragment encoding enhanced green fluorescent protein (EGFP)-1 (Clontech) into BamHI-and HindIII-digested pLTasSD. pLTas⌬DBD, in which amino acids 96 to 98 have been changed from RPR to DLG (13) , was constructed with the mutagenic oligonucleotides TasDBDF (5Ј-GAAGGTCCAAAACCAGACCTGGGCCAC GATCCTGTCC-3Ј) and TasDBDR (5Ј-GGACAGGATCGTGGCCCAGGTCT GGTTTTGGACCTTC-3Ј). The nucleotides mutated are in italics. The retroviral vectors pLNCZ, which contains the lacZ gene under control of the cytomegalovirus immediate-early promoter, and pLN were obtained from Dusty Miller, Fred Hutchinson Cancer Research Center.
Western blotting. Western blot analysis was performed essentially as previously described (23) . Briefly, 293T cells transfected with pFV in 12-well plates were harvested and pelleted by low-speed centrifugation. Lysates were prepared in 250 l of Ab buffer (20 mM Tris-Cl [pH 7.5], 50 mM NaCl, 0.5% Nonidet P-40, 0.5% sodium dodecyl sulfate, 0.5% deoxycholate, and 0.5% aprotinin), and genomic DNA was sheared by passing it through a 23-gauge needle. Lysates were cleared by high-speed centrifugation before running on sodium dodecyl sulfate-10% polyacrylamide gels. FV-specific proteins were detected with polyclonal rabbit anti-Gag antiserum, polyclonal anti-Bel1 antiserum (detects Tas and Bet), or FV-infected rabbit serum and visualization with the ECL kit (Amersham). All sera were used at a 1:2,000 dilution.
Microscopy. HT1080 cells were grown directly on coverslips in 12-well plates. Jurkat and 293T cells were adhered to coverslips by cytocentrifugation. All coverslips were fixed for 10 min in freshly prepared 4% paraformaldehyde in phosphate-buffered saline, permeabilized with 0.5% Triton X-100 in phosphatebuffered saline, and then blocked in phosphate-buffered saline containing 1% bovine serum albumin and 20% fetal bovine serum. Coverslips were incubated with primary antibodies for 1 h at room temperature in phosphate-buffered saline containing 1% bovine serum albumin. Rabbit anti-Gag polyclonal antiserum was used at 1:2,500, rabbit anti-Bel1 polyclonal antiserum was used at 1:2,500, and mouse anti-PML monoclonal antibody (PG-M3; Santa Cruz) was used at 1:200. Coverslips were incubated with secondary antibodies (Molecular Probes) for 45 min at a 1:500 dilution.
Rabbit primary antibodies were detected with goat anti-rabbit immunoglobulin-Alexa 478, and mouse primary antibodies were detected with goat anti-mouse immunoglobulin-Alexa 592 (Molecular Probes). Coverslips were mounted in Vectashield (Molecular Probes) and visualized by Deltavision microscopy. Deconvolved 0.25-m z-sections were used to determine colocalization of proteins after normalization of signal levels (SoftWoRx; Applied Precision). To determine total protein expression, sequential deconvolved 0.25-m z-sections were flattened with the quick-projection algorithm (SoftWoRx; Applied Precision).
RNA interference. RNA duplexes 21 nucleotides long with symmetric twonucleotide 3Ј(2Ј-deoxy)thymidine overhangs corresponding to PML coding nucleotides 563 to 583 were synthesized and annealed (Dharmacon Research). RNA interference assays were performed with Oligofectamine reagent (Invitrogen) according to procedures described previously (6, 10) . Depletion of PML protein levels in 293T cells was determined by indirect immunofluorescence with anti-PML monoclonal antibody (PG-M3; Santa Cruz). At 24 h after transfection of the siRNA, pFV was transfected, and 72 h later, FV replication was assessed by Western blotting against FV Gag and FV Bet proteins. In duplicate wells, cells were treated with 50 ng of phorbol myristate acetate (PMA) per ml.
RESULTS
Expression of PML-binding domain of Tas does not induce FV replication in 293T cells.
As PML has been implicated as a repressor of FV transcription (27) , we were interested in investigating the role of PML in cells that support latent FV infection. PML has been shown to be involved in restricting FV expression through direct binding to the amino terminus of Tas (27) . One testable model of FV latency is that the Tas protein is bound by an inhibitor, possibly PML, which prevents Tas from transactivating the internal promoter. We hypothesized that if the sequestration of Tas by PML is important for establishment of latency, then overexpression of the amino-terminal PML-binding region of Tas might saturate the Tas binding sites on PML and permit endogenous Tas to transactivate the internal promoter.
Many cell types that support latent FV infection, such as Jurkat cells, are difficult to transfect, limiting their utility in investigation of the mechanism of latency. Since we found that 293T cells are readily transfectable and can be latently infected, we tested the ability of constructs containing the amino terminus of Tas to induce replication in pFV-transfected 293T cells. We have recently shown that small amounts of Tas can activate replication of latent FV in Jurkat cells (24) . Transfection of the pFV vector with a neomycin-expressing control vector resulted in no detectable FV protein expression and a titer of 75 IU/ml (Fig. 1, row 1) .
Cotransfection of the pFV vector and pLTasSD, which expresses a fully functional Tas protein, resulted in a marked increase in FV protein expression and a dramatic increase in titer to 5.9 ϫ 10 4 IU/ml (Fig. 1, row 2) . Transfection of pLTasNgfp, which expresses the amino-terminal 88 amino acids of Tas fused to GFP, failed to activate cotransfected pFV vector (Fig. 1, row 3) . Transfection of pLTas⌬DBD, which contains mutations in the DNA binding domain of Tas that render it nonfunctional for transactivation, or pC-Bet, which also expresses the amino-terminal 88 amino acids of Tas, also failed to induce cotransfected pFV vector (Fig. 1, rows 4 and 5). Thus, similar to the situation in foamy virus-infected Jurkat cells (25) , FV replication can be dramatically induced in 293T cells by overexpression of functional Tas. However, cotransfection of pFV vector with pLTasNgfp, pLTas⌬DBD, or pCBet did not induce replication. This indicates that the transactivation capacity of Tas is required for FV activation in 293T cells and that expression of the amino terminus of Tas is not sufficient to induce viral replication.
Endogenous PML expression levels do not correlate with latent FV infection. In order to address a possible role of PML in FV latency, we used indirect immunofluorescence analysis 2208 MEIERING AND LINIAL J. VIROL.
to determine the expression levels of endogenous PML in cell types that support different levels of viral replication. HT1080 human fibrosarcoma cells support lytic replication upon FV infection or transfection with pFV. As previously reported, Jurkat cells support latent infection that can be induced by PMA (25, 37) as well as inducers of the mitogen-activated protein kinase pathway, such as phytohemagglutinin (data not shown). Similarly, although 293T cells do not support FV replication after infection, transfected pFV can be induced by treatment with PMA (data not shown and Fig. 6B ). By using indirect immunofluorescence analysis, PML levels were assessed in these cell lines after treatment with PMA or IFN-␣ or in the absence of treatment (Fig. 2) . HT1080 cells had the highest number of PML nuclear bodies per cell, but their intensity was slightly lower than that of Jurkat or 293T cells, which had fewer nuclear bodies per cell (Fig. 2, compare B, F, and J). Jurkat and 293T cells expressed similar levels of PML ( Fig. 2B and F) . Overall, there were no significant differences in endogenous PML levels in the cell types tested despite the differences in viral replication.
One possible explanation for the increase in viral replication after PMA treatment is that PMA downregulates expression of PML, freeing Tas to promote FV replication. However, in all cases PMA treatment had no effect on PML levels (Fig. 2C , G, and K). As expected, in all cell types, IFN-␣ treatment resulted in significant increases in PML expression, which were similar for all three cell lines (Fig. 2D, H, and L) . The absence of notable differences in PML levels and the observation that PMA has no effect on PML expression indicate that PML may not play a role in FV latency.
FV replication in the presence of endogenous PML. To address the possibility that lytic FV replication in HT1080 cells was occurring only in a subset of cells with lower PML expression, HT1080 cells were infected with FV at a multiplicity of infection of 0.2; 48 h later, PML and FV antigen levels were assessed by indirect immunofluorescence analysis with antibodies against FV Gag (green) and PML (red) (Fig. 3A to D) . In azidothymidine-treated cells, no FV expression was observed, as expected, but PML expression was evident (Fig. 3B) .
In untreated and PMA-treated cells, abundant FV replication was observed (Fig. 3A and C) , and there were no discernible differences in PML levels between cells expressing FV Gag and those not expressing FV Gag. Treatment with 1,000 U of IFN-␣ per ml dramatically reduced the frequency of FV-positive cells (data not shown). However, even in the presence of nonphysiologic levels of interferon and a concomitant increase in PML levels, FV Gag was readily detectable in many cells (Fig. 3D) .
This study was extended to reactivation of latent FV in FV-infected Jurkat cells. In untreated FV-infected Jurkat cells, abundant PML was observed in the absence of detectable FV Tas and/or Bet (Fig. 3E) . As expected, following PMA treatment a dramatic increase in Tas/Bet-positive cells was observed (data not shown), but abundant PML was also expressed in the same cells (Fig. 3F) . These results indicate that FV replication can proceed in the presence of PML and that expression of FV protein is independent of endogenous PML levels in untreated HT1080 cells and PMA-treated FV-infected Jurkat cells.
Endogenous PML does not colocalize with Tas or Bet. Colocalization of overexpressed PML and FV Tas has been observed in cells that support lytic replication (27) . Our attempts to increase FV expression in transfected 293T cells by sequestering endogenous PML with the PML-binding region of Tas proved unsuccessful (Fig. 1) . We next asked if Tas or the putative PML-binding region of Tas colocalized with endogenous PML in HT1080 cells that are fully permissive and those that support latent FV infection. HT1080 or 293T cells were transfected with the plasmid pLTasSD (expressing Tas), pLTasNgfp (expressing the N terminus of Tas), or pC-Bet (expressing Bet), all of which contain the putative PML binding region (Fig. 1A, horizontal) . PML was detected with an anti-PML monoclonal antibody, and FV proteins were detected with a polyclonal antiserum that reacts with the amino terminus of Tas. Colocalization of PML and the FV proteins was determined by analyzing deconvolved z-sections collected with Deltavision microscopy.
No significant levels of colocalization, which would be de- (Fig. 4D to F) . Similar results were obtained for HT1080 cells (Fig. 4G to L) . Some yellow, indicating possible colocalization, was observed in pLTasSD-transfected cells (Fig. 4G and J) and pLTasNgfp-transfected cells ( Fig. 4E and K) . However, upon closer examination by removing the red channel and looking for concentrated areas of green where the PML nuclear bodies are located, we determined that the yellow areas were most likely due to the coincident juxtaposition of the two proteins rather than physical association. These data indicate that even under overexpression conditions, the amino-terminal PML-binding region of Tas does not colocalize with endogenous PML. The lack of colocalization between Tas and endogenous PML further supports the idea that endogenous PML does not play an important role in FV replication. IFN partially abrogates reactivation of latent FV by PMA. The antiviral effects of interferons on FV replication in fully permissive cell types is well documented (27) (28) (29) (30) PMA (Fig. 5) . PMA treatment alone resulted in a dramatic increase in FV titers, as expected (Fig. 5, column 2) . IFN-␣ treatment alone had no effect on titer (Fig. 5, column 3 ). Concurrent treatment with IFN-␣ and PMA resulted in an approximately sixfold decrease in titer compared to PMA alone (Fig. 5, compare columns 2 and 4) , but under these conditions, titers were still about 20-fold above those in untreated cells (Fig. 5, compare columns 1 and 4) . Pretreatment with IFN-␣ for 12 h prior to the addition of PMA further attenuated the PMA effect, but the titers observed remained about 12-fold above those in untreated cells (Fig. 5, compare  columns 1 and 5) .
These results indicate that the antiviral effects of IFN-␣ can attenuate the reactivation of latent FV by PMA but not completely suppress it. Whether PML is the only antiviral mediator under these circumstances is not known. Experiments in PMLdeficient cells, however, indicate that PML is the key IFNmediated factor in limiting FV replication (27) . Depletion of endogenous PML by RNA interference. RNA interference (siRNA) with PML-specific oligonucleotides was performed in an effort to determine if endogenous PML expression plays a role in restricting FV expression in cells that are not normally permissive for FV replication. Doublestranded 21-nucleotide RNA oligonucleotides corresponding to a conserved region of PML intron 2 (PMLsiRNA) or a control RNA duplex corresponding to the firefly luciferase gene (LUCsiRNA) were transfected into 293T cells, and PML expression was examined 72 h later by indirect immunofluorescence analysis.
Random fields visualized by Deltavision microscopy are shown in Fig. 6A . Transfection with PMLsiRNA significantly reduced the levels of PML expression (right panels) compared to the control LUCsiRNA (left panels). Next, the pFV vector was transfected into 293T cells after siRNA treatment. Duplicate cultures were either left untreated or treated with PMA, and protein expression was analyzed by Western blotting. Transfection of either control LUCsiRNA or PMLsiRNA had negligible effects on FV protein expression in the absence of PMA treatment (Fig. 6B, lanes 1 to 4) . Treatment of transfected cells with PMA resulted in an increase in FV protein expression (Fig. 6B, lanes 6 and 8) .
Interestingly, LUCsiRNA-treated cells showed a higher level of FV protein expression than PMLsiRNA-treated cells following PMA stimulation (Fig. 6B, compare lanes 6 and 8) . In contrast to our initial prediction, these data indicate that 
DISCUSSION
A key aspect of FV latency is the necessity to limit production of the FV transactivator Tas. Because Tas transactivates its own promoter, resulting in a positive-feedback loop, FV replication can be viewed as an on-off switch. Once sufficient Tas is produced, the switch is turned on and replication commences. We have recently shown that a small increase in the amount of Tas can induce a switch from latent to lytic replication (24) , indicating that given sufficient levels of functional Tas, latently infected cells are fully permissive for FV replication. Thus, the presence of a potent Tas inhibitor, whose function can be overcome following PMA or mitogen treatment, could explain differences in cell permissivity. The only known FV inhibitor is the interferon-induced PML protein, which suppresses FV replication by binding and inactivating Tas (27) . Although PML expression is induced following IFN treatment, many cell types express PML in the absence of IFN stimulation. These observations led to the hypothesis that endogenous PML may play a role in FV latency.
In this study, however, we have shown that endogenous PML does not play a major role in FV latency. We have shown that there is no correlation between the level of endogenous PML expression and permissivity to infection. Cell lines that support lytic replication express levels of PML similar to those in cell lines that support latent infection. Expression of PML is not altered by treatment with PMA, a known activator of latent FV. In addition, FV replication can proceed in cells expressing high levels of PML protein. In contrast to PML overexpression, endogenous PML does not colocalize with Tas even after upregulation of PML by IFN-␣ treatment. Finally, depletion of endogenous PML by RNA interference did not result in activation of transfected pFV. These data suggest that there are negative regulators other than endogenous PML which mediate FV latency.
It has been shown previously that overexpression of PML in cell types that are normally fully permissive for FV replication results in a dramatic decrease in FV gene expression (27) . In contrast to the situation in lytically infected cells, in this report we have shown that endogenous PML expression cannot account for the lack of FV transcription during latency, suggesting that other factors limit FV replication in latently infected cells. In addition to PML, overexpression of FV Bet prior to infection is known to greatly attenuate FV replication in permissive cell types (1, 31, 32) . The precise mechanism of Bet function under these conditions is not fully understood. The use of reporter assays to show that Bet can directly inhibit Tas transactivation of either the long terminal repeat or internal promoter has been unsuccessful (16) .
In cells that support latent infection, we have recently shown that Bet can inhibit upregulation of internal promoter basal activity by PMA, thereby limiting the amount of Tas produced (24) . However, because Bet is produced in latently infected cells, it is likely that Tas is also produced. Given that a positivefeedback loop is operant at the internal promoter and that Bet does not directly interfere with Tas function, even small amounts of Tas would be expected to result in virus replication. Because this is not the case, we propose that there are additional Tas inhibitors in latently infected cells, and reactivation of latent FV would only occur if expression of Tas was sufficient to overcome any such inhibitors.
Subcellular localization of PML protein may explain why endogenous PML does not limit FV replication but increased expression of PML does limit FV replication. Endogenous PML is primarily found localized to nuclear bodies, and an increase in the number and size of nuclear bodies is observed after IFN treatment or overexpression (33) . It is possible that PML localized to nuclear bodies is unavailable to bind and inactivate Tas, while free PML can do so effectively. The lack of Tas colocalization to nuclear bodies (Fig. 4) supports the idea that PML localized to nuclear bodies is not capable of binding Tas. Increasing PML expression may provide a pool of free PML capable of interfering with Tas function. In contrast, because endogenous PML is primarily localized to nuclear bodies, there may not be sufficient amounts of free PML to act upon Tas.
There is evidence that free PML retains its ability to inhibit Tas function. PML lacking its coiled-coil domain and forms of PML that are not modified by sumoylation both fail to localize to nuclear bodies but retain their Tas-inhibitory properties (27) . Interestingly, activation of transfected pFV by PMA was completely blocked when nuclear body structure was disrupted by cotransfection of the human cytomegalovirus immediateearly 1 protein (IE1) (data not shown), which is known to redistribute PML from nuclear bodies to a diffuse nuclear pattern (17) . Because IE1 has complex effects on the host cell in addition to disruption of nuclear bodies, this finding is not conclusive for a role of free PML in Tas inhibition. It will be worthwhile to determine if disruption of nuclear body structure by more specific means results in a concomitant decrease in FV replication.
The current study indicates that factors other than PML are important in mediating FV latency. The effects of overexpressed or IFN-induced PML on FV replication are evident (27) . However, FVs have apparently evolved a replication strategy that does not induce IFN (14, 29) . Therefore, the role of PML in FV biology remains unclear. Perhaps PML is important in controlling viral spread following reactivation of latent FV, while an as yet unidentified factor(s) limits FV replication in latently infected cells.
